
llllllllllllllIllIlllllllllIllllIlllllllllllllllllllIllllllllllllllllllllll 
_ US005177455A 

United States Patent [19] [11] Patent Number: 5,177,455 
Bennett [45] Date of Patent: Jan. 5, 1993 

[54] DIGITAL PHASE AND AMPLITUDE [57] ABSTRACT 
MODULATOR > A digital modulator for modulating a stream of incom 

Inventor; Steven J. Bennett, Surrey’ Canada data bits in \Vhlch at least each ODE Of the bits Con-e‘ 
_ ' sponds to a symbol. The modulator includes storage for 

[73] Asslgneei MPR Teltech Ltd-t Burnaby’ Canada each incoming set of symbol bits, where there is at least 

[2]] APPL NO; 823,967 ‘one bit each set, ofi‘n” successive symbols where “n" 
is a positive Integer with a value greater than or equal to 

[22] Filedi Jam 22, 1992 _ l, with the oldest stored set being discarded upon the 

[51] Int. c1.5 ........................................... .. H04L 27/00 arrival and Storage Ofa "ext Se‘ °f§ymb°l bits' Memory 
[52] US. Cl. .................................... .. 332/103; 375/39: Stores Sample Values correspondmg to a modulated 

symbol impulse response for each of a predetermined 
number of symbols wherein the modulated symbol im 
pulse responses each extend over “n‘” symbol periods. 
Sample values over one symbol period are retrieved 

375/55; 375/67 
[58] Field of Search ..................... .. 332/103, 104, 105; 

375/39, 52, 55, 67 

[56] References Cited from the memory for overlapping portions of each of 
Us. PATENT DOCUMENTS the modulated symbol impulse responses stored in the 

7 storage. An adder sums the sample values which corre 
Re- 33056 9/1939 Form)’, JT- 6‘ a1- ---------- ~ 332/103 spond to each other in time for each of the modulated 
4.6l3.976 9/l986 Sewermson et al. . .... I. 332/103 X Symbol impulse responses corresponding to the re_ 
4‘736‘389 4/1988 Debug‘ Jr‘ et a1‘ "" " 332/104 X ceived symbols. A converter converts summed digital 
4,750.192 6/1988 Dzung ........................... .. 332/104 X . sample values to an analog signal for subsequent trans 

Primary Examiner-Robert J. Pascal miSSiOH 
Attorney. Agenl, 0r Firm-Shlesinger, Arkwright 8; 
Garvey 17 Claims, 15 Drawing Sheets 

52 

IO 50 K 54 K56 K 60 

g SYMBOL Y STAGE STAGE STAGE STAGE 
FORMATTER ; l 2 3 N 

62-"_-"> __——6—4—____ 
66 ll 68 V 70 ll '/ ll 72 

SYMBOL \ \ _ _ _ _ _ _ _ _ __ / 
A 
B 
C 

I I O I I O O I I O l I 

93 \ 

t 

+ DATA SUMMER 
SAMPLE 

9° \ RATE 82 86 

CLOCK / 
MODULATED 

0/“ FILTER I 
84 _/ CARRIER 

OUTPUT 

88 





US. Patent Jan. 5, 1993 Sheet 2 of 15 5,177,455 

85 S4 S3 S2 

l, .l .I A 
I VI V IMIV! AV llnwll nHU AU 

5 - .. 

U W 



U.S. Patent Jan. 5, 1993 Sheet 3 of 15 5,177,455 

MEU 
8358 $2 E Aw 

(QUOLLILLQJI 



US. Patent Jan. s, 1993 Sheet 4 of 15 5,177,455 

3 6E 

>>>>>>>> <<<<<<<?< mm 



US. Patent Jan. 5, 1993 Sheet 5 0f 15 5,177,455 

m .qU 

mm 
S950 

5556 \‘ vm 
55 E 60 

$2.582 
\ xuod 

5125 

IMESSm <P<O 

v 

/wm / 
mm 

0 



US. Patent Jan. 5, 1993 Sheet 6 0f 15 5,177,455 

(QUOLUll-UI 



US. Patent Jan. 5, 1993 Sheet 7 of 15 5,177,455 

3 2 ' l STAGE 

Fig-7 



US. Patent Jan. 5, 1993 Sheet 8 of 15 5,177,455 

MAXIMUM 
DAC INPUT 

Sample Time Axis 

w; 8 





US. Patent Jan. 5, 1993 Sheet 10 of 15 5,177,455 

50 

2O 30 TIME 

—20 

-40 

0.6 

AMPLITUDE 
— 0.2 



US. Patent Jan. 5, 1993 Sheet 11 of 15 5,177,455 

: 9m 

>Q2mDOmmu 
N_ O_ m m V N O 

_ _ _ _ _ 031 

I1 . . . . . . . . . . , . . v . . , . . . . . . . . . 1 . . 1 , . . . . . . 1 . . 1 1 . . . 1 . . . . . . . 1 .. . . . . . . | .| . 1 1 . 1 . . 1 . . . . . . . . , 1 . . . . . , 1 . . . . 1 . . , . . . _ . 1 . . . l I . . . . . . . . . 1 . . . , . . . . . . . . . _ Oma 

l . . . . . Owl 

~m|_mm_Qmn: 2OC.<D2mEL< 

l 0v‘ 

ll . . . . . . . . . . . . 4 . . . . . 1 . . . . . - . . 1 . . . . . . . . . , . . 1 v . . 1 . . ONI 

- . . m . H. o 

p _ _ 



US. Patent Jan. 5, 1993 Sheet 12 of 1s 5 5,177,455 

N6 

nml 



US. Patent Jan.‘ 5, 1993 Sheet 13 of 15 5,177,455 

AMPLITUDE 



5,177,455 

N_ O_ m w v N 0 

US. Patent Jan. 5, 1993 Sheet 14 of 15 

Own 

_ _ _ _ _ 



Jan. 5, 1993 Sheet 15 of 15 5,177,455 

m. .5 

>Q2mDOmmL 
_ No wd 0o v.0 no No . _.o o 

_ _ _ € _ _ _ on. 

On: our OT 

qmqmmawn: ZOPZSZMFEQ 
OT 

US. Patent 



5,177,455 
1 

DIGITAL PHASE AND AMPLITUDE 
MODULATOR 

FIELD 

The present invention relates to a digital phase and ; 
amplitude modulator for use in transforming digital data 
into phase and amplitude modulated signals for use in 
digital transmissions. 

BACKGROUND 

In the transmission of signals over various transmis 
sion media it is generally easier to transmit and process 
binary signals than analogue signals because of the 
greater immunity from noise of binary transmission. 
However, the conventional method of processing the 
incoming data is to use it to modulate a carrier signal by 
generating both an in-phase and a quadrature resolved 
component of the modulating data. Each component is 
then ?ltered for bandwidth limiting and pulse shaping. 
The two ?ltered baseband signals are then individually 
mixed with the carrier frequency, the in-phase signal 
with the carrier itself and the quadrature signal with a 
90 degree shifted version of the carrier. The two result 
ing amplitude modulated signals are then combined and 
the resulting carrier signal has both phase and amplitude 
modulation. 
There are several disadvantages to the current 

method. The baseband ?ltering, quadrature splitting of 
the carrier and the amplitude balancing of the separate 
components have to be carefully matched or tuned for 
matching of the ?lter characteristics and balancing of 
the phase and amplitude. Even if such matching and 
balancing is done the components still produce varia 
tions in performance due to temperature variations and 
aging. 

SUMMARY OF THE INVENTION 

According to the invention there is provided a digital 
modulator for modulating a stream of incoming data 
bits in which at least each one ofthe bits corresponds to 
a symbol. The modulator includes means for storing 
each incoming set of symbol bits, where there is at least 
one bit in each set, of “n" successive symbols where “n“ 
is a positive integer with a value greater than or equal to 
l, with the oldest stored set being discarded upon the 
arrival and storage ofa next set of symbol bits. Memory 
means store sample values corresponding to a modu 
lated symbol impulse response for each of a predeter 
mined number of symbols wherein the modulated sym 
bol impulse responses each extend over “n” symbol 
periods. Means for retrieving sample values over one 
symbol period from the memory means for overlapping 
portions of each of the modulated symbol impulse re 
sponses stored in the storing means are also provided. 
Summing means sums the sample values which corre 
spond to each other in time for each of the modulated 
symbol impulse responses corresponding to the re 
ceived symbols. Converter means converts summed 
digital sample values to an analog signal for subsequent 
transmission. 
The storing means may be a shift register. The mem 

ory means may be a programmable semiconductor 
memory array. The converter means may be a digital to 
analog converter. 
The retrieving means may include a decoder having 

“n” symbol inputs and a counter having suf?cient least 
signi?cant bit lines coupled to a select input to the de 
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2 
coder so that data on any one of the “n" symbol bus 
lines applied to symbol inputs of the said decoder may 
be selected and applied as most signi?cant address bits 
to the memory means and least signi?cant bit lines of 
the counter are applied as least signi?cant address bits 
to the memory means. 

Preferably the stored sample values include an offset 
added to the stored sample values such that when the 
sample values are added for any combination of stored 
impulse responses in the shift register, the resultant 
offset equals the centre value of the input numerical 
range of the digital to analog converter. 
The present method simpli?es the modulation by 

generating the modulated signal directly with the re 
quired ?ltering. The need for tuning of the components 
for ?ltering is avoided. Flexibility in ?ltering is accom 
plished by simply changing the contents of a digital 
memory or by switching from one to another. Arbitrary 
phases and amplitudes can also be generated as can 
arbitrary ?lter characteristics. Predistortion may be 
introduced in the stored values to counteract the effects 
of amplitude and phase distortion in a transmission sys 
tem. 

Another important improvement is the signal to noise 
performance due to elimination of the need to compen 
sate for a “non-return to zero" input waveform in the 
?ltering. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The novel features believed characteristic of the in 
vention are set forth in the appended claims. The inven 
tion itself, however, as well as other features and advan 
tages thereof, will be best understood by reference to 
the detailed description which follows, read in conjunc 
tion with the accompanying drawings, wherein: 
FIG. 1 is a schematic diagram showing a conven 

tional arrangement for using input data to modulate 
both phase and amplitude of a carrier signal; 
FIGS. 20 to 2fare a set of waveforms corresponding 

to a set of ?ve symbols with associated 4-bit symbols 
shown for a conventional system as in FIG. 1 but with 
out ?ltering: 
FIG. 3 compares an un?ltered response to a ?ltered 

one and how the values of a ?ltered response are stored 
in memory; 
FIGS. 4a to 40 are a set of three waveforms showing 

a carrier wave, a ?ltered impulse response and the car 
rier modulated with the impulse response; 
FIG. 5 is a flow diagram showing a preferred em 

bodiment of a modulation scheme in accordance with 
the present invention; 
FIG. 6 is a schematic diagram showing how sample 

values are selected in accordance with the symbols 
stored in the shift register; 
FIG. 7 is another schematic diagram showing how 

sample values for overlapping stored impulse responses 
are selected; 
FIG. 8 is a graph showing the DC offset and the 

envelope of a modulated symbol impulse as stored in 
memory to maximize the use of the D/A converter 
dynamic range; 

FIG. 9 is a block diagram for implementing the 
scheme outlined in FIG. 5 hereof; 
FIG. 10 is a waveform for a normalized symbol im 

pulse response as a function of time over a period of 8 
symbols; 
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FIG. is a Fourier Transform ofthe waveform of FIG. 
10 showing power as a function of frequency; 
FIG. 12 is an expanded graph of the waveform of 

FIG. 11; _ 

FIG. 13 is a waveform of voltage versus time with 
the wave truncated after the ?rst undershoot; 
FIG. 14 is a graph of the Fourier Transform of the 

waveform of FIG. 13; and 
FIG, 15 is an expanded graph of the waveform of 

FIG. 14. 

DETAILED DESCRIPTION WITH REFERENCE 
TO THE DRAWINGS 

Referring to FIG. 1, there is shown a diagram of a 
conventional scheme for using an incoming data stream 
to modulate a carrier signal so that the modulated car 
rier signal can be optimally transmitted over a signal 
transmission line. The incoming stream of digital data 
arriving on line 10 is directed into a symbol formatter 12 
which takes several bits of incoming data and forms a 
symbol out of them. In the special case of binary phase 
shift keying (BPSK) one bit is a symbol and no format 
ting is required. Moreover, the modulator circuit is 
simpli?ed. In the present 16 level quadrature amplitude 
modulator (l6 QAM), sixteen symbols have 16 different 
points on the signal space diagram. For example, if the 
transmitted signal is represented in terms of the sum of 
two quadrature frequency tones, i,e., 

fAtl=a cos21rft+ b sinZ-rrft 

in a 4-symbol system each of the two levels can be 
represented by two binary digits with the “in-phase 
component“ corresponding to the “a“ coef?cient taking 
on the values +1 and — l, and the “quadrature compo 
nent" corresponding to the “b“ coef?cient taking on the 
same values leading to 4 possible combinations of “ab" 
values. The signal space diagram is simply a two dimen 
sional graph of the “a” as absisca and “b“ as ordinate. 
For the present 16 QAM system the signal space 

diagram has 16 distinct points representing the 16 differ 
ent values of the combination “ab“. In other words 4 
bits are required to uniquely de?ne each point on the 16 
QAM signal space for a data transmission rate of 4 bits 
per baud, or 4 bits per pulse. Thus, the symbol formatter 
12 derives from the incoming data stream a pair of mul 
ti-level signals representing the in-phase and quadrature 
resolved components of the modulation on lines 14 and 
apply pulse shaping each of the components on lines 14 
and 16 is passed through corresponding raised cosine 
?lters 18 and 20' respectively. The ?ltered signals on 
lines 22 and 24 are mixed at mixers 26 and 28 with the 
carrier ‘signal. The in-phase signal on line 22 is mixed 
with the carrier signal derived from carrier signal 
source 30 and shifted 90° by phase shifter 36 while the 
quadrature component on line 24 is mixed with the 
carrier as introduced at terminal 32. The two resulting 
signals on lines 40 and 42 are added in adder 44 to pro 
duce on output line 46 a combined signal having both 
phase and amplitude modulation. 
There are several disadvantages to the method of 

?gure 1. These include the need to carefully match the 
components of the ?lters 18 and 20, the quadrature 
splitting of the carrier by phase shifter 36, and the am 
plitude balancing of the separate components as af 
fected by the symbol formatter 12, the raised cosine 
?lters l8 and 20 and the mixers 26 and 28, The compo 
nents in the latter assemblies are even then subject to 
variations in performance due to temperature and ag 
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4 
ing. While it is possible to reduce the above problems by 
using digital ?ltering and numerically controlled oscil 
lators for quadrature splitting, the above-mentioned 
method of modulation still retains many of the problems 
indicated and, in addition, requires a relatively large 
number of components and, hence, space. 

Referring to FIGS. 20 to Zfthere is shown at 20 a set 
of ?ve four bit symbols out a total possible number of 16 
such symbols as comprise a 16 QAM modulator system. 
The input data is shown at 2b which corresponds to this 
data. A clock pulse waveform for clocking in the data is 
shown at 2c. In an analog system the input data would 
form a multilevel waveform as shown in 2d; and 2:12. If 
there were no ?ltering the output of a carrier modulated 
by the input data would look as in waveform 2e and the 
90° phase shifted waveform at 2}". However, with ?lter 
ing the picture becomes more complex. As seen in FIG. 
3 a single symbol period of modulated signal as in the 
top waveform while the ?ltered waveform consists of 8 
separate envelopes corresponding to the 8 symbol peri 
ods some of which occur before the input pulse being 
?ltered. In a real ?lter clearly signal components occur 
ring earlier than the signal being ?ltered would not 
occur. However, such a waveform is useful in a system 
in which a real ?lter is not used. 
The modulated impulse response shown in the third 

waveform from the top in FIG. 4 is obtained by com 
bining a full raised cosine ?ltered impulse over eight 
symbol periods for a given symbol with a carrier signal 
93 as shown in the top waveform of FIG. 4. The carrier 
signal 93 is a periodic wave constant amplitude. The 
impulse response 100 for a full cosine ?lter for eight 
symbol periods when mixed with the carrier signal 93 
produces a modulated carrier signal for each symbol 
impulse response 102. 

Referring to FIG. 5, the 16 QAM modulator receives 
serial digital data on line 10 which is formed into four 
bit symbols in symbol formatter 50. Each four bit sym 
bol is stored in a ?rst stage 54 of a four bit wide, shift 
register 52, which in this example will have eight stages. 
Each subsequently received symbol causes all of the 
stored symbols to shift right to the next stage. Thus, at 
any given instant in time there are 8 symbols stored in 
stages 1 to 8 of shift register 52 and at the end of each 
symbol period a new symbol enters the ?rst stage and 
each of the symbols previously in stages 1 to 7 shift 
forward to stages 2 to 8 with the last shifting out of the 
shift register 52. 
The modulated carrier signal produced by modula 

tion with each of the symbols is stored in a symbol 
modulated impulse memory 64 as shown in FIG. 5. 
Thus, memory 64 has stored a set of samples represent 
ing the modulated carrier signal for each symbol in the 
signal constellation over 8 symbol periods. For exam 
ple, the bit sequence “1011” which corresponds to a 
particular symbol has a particular corresponding set of 
samples which represent the modulated carrier signal 
for that symbol including phase and amplitude varia 
tions and ?ltering. A total of 1024 sample values of the 
modulated carrier signal 102 are taken in eight blocks of 
128 each and stored in memory 64. This process is re 
peated for the impulse response corresponding to each 
symbol in the signal constellation. 

Thus, if the different symbols are designated by the 
letter A, B, C, etc., then FIG. 5 illustrates the way in 
which samples are stored in memory 64. For each sym 
bol such as, for example symbol A. the ?rst ?th of its 
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record (the ?rst 128 samples) are stored in the ?rst block 
66 of memory 64. the second eighth in the second block 
68, the third eighth in block 70, etc., and the last eighth 
in block 72. The stored samples may be tailored in value 
to correspond to the modulated signal itself with any 
desired ?ltering, and with predistortion introduced to 
counteract the effects of amplitude and phase distortion 
in a transmission system. Thus, the memory has stored 
in it a set of samples representing the modulated carrier 
signal for each symbol in the signal constellation over 
eight symbol periods. 
A sample rate clock 90 applies clock pulses on line 92 

to the memory address counter 93 which connects to 
each stage of the memory 64 and is used to access the 
stored samples corresponding to the contributions from 
the overlapping memory records of each symbol. There 
are 128 cycles for each stage. The reason for having to 
extend the samples over several symbol periods is due 
to the fact that ?ltering causes the symbols to overlap 
and interfere with each other. Thus, the modulator 
needs to output a continuous sequence of modulated 
impulse responses with the overlap caused by the ?lter 
mg. 
By dividing up the impulse responses and the corre 

sponding blocks of memory into eight equal parts cov 
ering eight symbol periods, one may simply add up the 
values of the eight equal parts covering eight symbol 
periods. As illustrated in FIG, 6 assuming the eight 
stage shift register 58 has stored the symbols C, A, B, A, 
E, D, G, and C in positions to 8, respectively, the pro 
gram examines the symbol in position determines it is C 
and then goes to the ?rst block of 128 samples corre 
sponding to symbol C in the memory 64. At the ?rst 
sample instant, the ?rst sample of the 128 samples in the 
?rst block corresponding to symbol C is taken, the ?rst 
sample in the second block corresponding to symbol A 
in memory is taken, the ?rst sample in the third block 
corresponding to symbol B in memory is taken and so 
on for all eight stages of the shift register. These values 
are added and then sent to the digital to analog con 
verter 84. At the second sample instant, the second of 
the 128 samples is selected from the same selection of 
memory blocks. This process continues until the 128th 
sample is taken from the blocks corresponding to all 
eight stages. The shift register 52 is then shifted causing 
a different set of eight memory blocks to be accessed 
and the first sample to be‘ accessed from each. 

Sample values from the ?rst block of memory are 
output on line 74 to the data summer 82. Sample values 
from the second, third, etc., to the eighth block are 
output on lines 76, 78, etc., and 80, respectively, to the 
data summer 82. The summed sample values which give 
the composite waveform are then directed to digital to 
analog converter 84. The resulting analog signal is then 
passed through a reconstruction ?lter 86 to remove 
unwanted elements of the sample frequency. 

Referring to FIG. 7 the correspondence between the 
analog equivalent of how sample values for the various 
symbols are added and the digital method outlined 
above is shown. In the ?rst sample period the ?rst block 
of memory corresponding to sample values for the sym 
bol B are added to corresponding sample values for the 
second block of symbol D, the third block of symbol A, 
the fourth block of symbol C, etc. until all eight blocks 
of sample values have been added to give a summed set 
of 128 sample values. The next symbol is then shifted 
into the ?rst stage and the symbols in the subsequent 
stages are all shifted one stage with the one in the eighth 
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6 
position being discarded. Next the symbol values of the 
?rst block ofthe new symbol in the ?rst stage are added 
to the sample values of the second block of symbol B, 
the third block of-symbol D, the fourth block of symbol 
A, etc. until again corresponding sample values for all 
eight blocks have been added. _ 

In order to avoid the sum of the various symbol im 
pulse responses from exceeding the range of the Digital 
to Analog (D/A) converter 84 varying DC offsets are 
assigned to the values in the impulse response record. If 
only one symbol impulse response were stored in mem 
ory and only one were to be read out and sent to the 
D/A converter 84, then its maximum amplitude could 
‘use the entire numerical range of the D/A converter 84. 
In the case of an 8 bit converter there are 256 levels of 
amplitude ranging from O to 255. The central part of an 
impulse which has the maximum amplitude could 
sweep across this entire range without the possibility of 
exceeding the range of input of an 8 bit input D/A 
converter. 

If two symbols were stored and the components of 
each were to be sent to a D/A converter, then it would 
be necessary to make sure that no sum of samples ex 
ceeded the maximum level ofthe D/A converter. If this 
sum ever did exceed the maximum level of the D/A 
converter, then the output of the D/A converter would 
be severely distorted. If for example, the sum of samples 
was 257 then such a value would cause the D/A con 
verter to over?ow and wrap around so that the effec 
tive input would be 2 (i.e. 255 plus 2). 

In addition to the problem of staying within the nu 
merical range of the D/A converter, it is important that 
there be no DC offset at the analog output of the con 
verter. For an 8 bit converter with 256 levels the centre 
line is at the level 127 corresponding to the mid—range of 
output. Given that the modulated output fluctuates 
evenly about the centre line, by taking 127 as corre 
sponding to O Volts DC at the analog output there 
would be no DC offset in the signal output. 
One solution to have no DC offset and stay within the 

maximum range of the D/A converter would be to 
halve the maximum amplitude of the two stored impulse 
responses so that the centre value of each can be 63 or 
64 with nothing being stored above 127 in either section 
of memory. However. the latter method would waste 
available memory and halve the resolution of the indi 
vidual stored impulse responses. The latter situation is 
worsened as the number of contributing impulse re 
sponses increases. With eight impulse responses to com 
bine, an individual contributor uses only one eighth part 
of the available memory. Moreover, the values become 
quite coarsely stepped due to the limited number of bits 
used to describe their sample levels. This effect would 
degrade the spectral quality of the output to an unac 
ceptable degree. 
The solution to this problem is to rely on the fact that 

the sum of contributions always consists of small ampli 
tudes from the earliest and latest symbol periods of 
impulses and large amplitudes from the symbol periods 
close to the centre of the impulse response. Any addi 
tion of eight samples always takes one from each $ 
section of the memory. This means that for any group of 
eight from any position in the blocks of 128 the sum 
must not exceed 255 and the centre value must be 127. 
These criterion are achieved by giving the samples in 

memory an offset closer to zero if they are at a part of 
the impulse which has a smaller amplitude and a larger 
offset ifthey have a larger amplitude. Referring to FIG. 
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8 there is shown a single modulated impulse record 
showing its maximum amplitude envelope 142 & 140 
and also the centre of the envelope 144. It will be seen 
that the offset in the central region of larger amplitude 
is taken to increase linearly from each side thereof to 
valid output to a D/A converter on its own but when 
combined with adjacent ones in time, before and after, 
stored with the same pattern of offset, the resultant 
combination will cause a valid output with a constant 
DC value at the centre of the D/A converter output 

‘ range. This is so because the increasing ramp on one 
side of the central lobe is added to a decreasing ramp on 
the other side of a different central lobe for each symbol 
period of the eight symbol periods over which sample 
values are added to yield a constant value which is 
added to the constant values for each of the other 
blocks of sample values. 
A more detailed schematic diagram of a preferred 

embodiment of the invention illustrated in FIG. 5 is 
shown in FIG. 9. In this case the shift register 54 has 8 
output 4 bit bus lines, one for each of the 8 stages. Out 
puts from each stage drive corresponding 4 bit inputs of 
a decoder 56. Decoder 56 has four output lines applied 
to bus 62, one corresponding to each of the four bits of 
the symbols. These outputs constitute four address bits 
for sample memory 70. Sample memory is made up of 
an array of electronically programmable read only 
memory cells. The remaining 10 address bits are gener 
ated by counter 60 on bus lines 65 and 66. The counter 
60 is clocked at 8 times the sample rate. The bits on lines 
64 and 65 are the least signi?cant bits of the counter 60 
which select, in sequence, the 8 inputs to decoder 56. 
After each count of 8, the count on bus 66 increments 
by 1. The combination on line 64 de?nes which of the 
four hits of the eight four-bit symbols stored in the shift 
register 54 are output on bus line 62. Thus, bus lines 62, 
64 and 66 form a 14 bit address which is carried by 
address bus 68 to EPROM memory 70. 
Each sample retrieved corresponding to the 14 bit 

address bus is a 12 bit number the output for which is 
carried on bus line 72 to adder 74. The number on bus 
line 72 is added to that on bus line 82, which initially is 
zero, to form a summed output on bus transfers the sum 
to the output line 82 when a new sample value arrives 
on line 78. Thus, adder 74 and gate 80 form an iterative 
sum of the sequence of sample values appearing on line 
72. Once all 8 sample values for a given sample period 
have been retrieved from memory 70 and added by 
adder 74, the sum is directed into gate 84 and gated by 
the D/A converter clock into the D/A converter 90. 
The analogue output from D/A converter 90 appears 
on line 92. These steps are repeated for each sample 
instant. 

Referring to FIG. 10 there is shown an impulse re 
sponse resulting from a root raised cosine ?lter. The 
response extends over an in?nite time but the energy 
before and after a certain amount of time from the peak 
is relatively insigni?cant. Most of the energy is concen 
trated within a few symbol periods of the occurrence of 
the symbol and the impulse response can be truncated 
by ignoring the contributions from before and after this 
time. Simulation can be done to determine the amount 
of the impulse response required. Equal amounts of the 
response from before and after the peak make the out 
put non-causal but produce the best performance as 
does truncation of the impulse response at a zero cross 
ing. Computing the inverse Fourier Transform one gets 
the diagram of FIG. 11 a close up of the first two peaks 
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8 
of which is shown in FIG. 12. It is observed that the 
amplitude of the second peak is approximately 35 deci 
bels below that of the ?rst one. 
To examine the effect oftruncating at the second zero 

crossing rather than at the ?fth as in FIG. 10, as shown 
in FIG. 13, the calculation of the inverse Fourier Trans 
form taking 1024 points as in FIGS. 10 and 11 gives the 
spectrum of FIG. 14 and the close up of FIG. 15. In this 
case the second peak is more pronounced being 27 deci 
bels below the ?rst one. Truncation as in FIG. 13 may 
be employed in calculating the memory records for 
each symbol. In some cases truncation at the second 
zero crossing might be adequate. Memory records are 
individually calculated by multiplying the impulse re 
sponse by a carrier sine wave with an amplitude and 
phase for each of the required symbols. Thus, each 
memory record is a ?ltered modulated carrier wave for 
each symbol in the constellation stretching over several 
symbol periods. 

Thus, the modulated signal is generated directly and 
digitally at the carrier frequency complete with the 
phase and amplitude variations and ?ltering. Clearly, 
?lter characteristics can be changed by simply changing 
the contents of the digital memory. Thus, a variety of 
modulations can be generated from a single modulator 
using the present technique. Moreover, factors such as 
predistortion can easily be added to counteract the 
effects of amplitude and phase distortion in a transmis 
sion system. 

It is possible to reduce the amount of memory re 
quired by using the same memory locations for symbols 
with equal amplitude and exactly opposite phase by 
simply inverting signals for one and not the other. Simi 
larly, symbols with the same phase and different ampli 
tude could use the same memory by multiplying the 
output to the required amplitude. Although the inven 
tion has been described with respect to a 16 QAM 
scheme, the method can also be applied to phase shift 
keying (M-PSK), M-QAM where M is other than 16, 
and M-QPRS. 

Accordingly, while this invention has been described 
with reference to illustrative embodiments, this descrip 
tion is not intended to be construed in a limiting sense. 
Various modi?cations of the illustrative embodiments, 
as well as other embodiments of the invention, will be 
apparent to persons skilled in the art upon reference to 
this description. It is therefore contemplated that the 
appended claims will cover any such modi?cations or 
embodiments as fall within the true scope of the inven 
tion. 

I claim: 
1. A digital modulator for modulating a stream of 

incoming data bits in which a predetermined number of 
such bits, constituting a set, corresponds to a symbol, 
comprising: 

(a) means for storing each incoming set of symbol 
bits, where there is at least one bit in each set, of 
“n“ successive symbols where "n” is a positive 
integer with a value greater than or equal to l, with 
the oldest stored set being discarded upon the ar 
rival and storage of a next set of symbol bits; 

(b) memory means for storing sample values corre 
sponding to a modulated symbol impulse response 
for each of a predetermined number of symbols 
wherein the modulated symbol impulse responses 
each extend over “n“ symbol periods; 

(c) means for retrieving sample values over one syms 
bol period from said memory means for overlap 








